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INTRODUCTION
The Kraków-Częstochowa Upland (KCU) belongs to the most spectacular areas in Europe where the Upper Jurassic (Oxfordian and Kimmeridgian) microbialsponge and microbial carbonate facies (cf. Gwinner 1971) can be studied as the products of sedimentation along the vast, northern margin of the Tethys Ocean (Leinfelder 1993 (Leinfelder , 1996 Leinfelder et al. 1994) . The KCU includes two geographical sub-units: the Kraków Upland and the Częstochowa Upland. Structurally, both units correspond to the area of the Silesian-Kraków Homocline built of Mesozoic formations (Żelaźniewicz et al. 2011; Text- fig. 1 ). The homocline rests upon Text- fig. 1 . Location map of the Sokole Hills against the geological setting of the Kraków-Częstochowa Upland (after Rühle et al. 1977; simplified) folded Palaeozoic formations cut by the Kraków-Lubliniec Fault Zone (KLFZ), presumably a segment of the transcontinental Hamburg-Kraków Tectonic Line (Franke and Hoffman 1999) active since the Cambrian (Morawska 1997; Żaba 1999; Buła 2000 Buła , 2002 .
Recently, the genetic links between the KLFZ and the significant facies diversity, as well as the epigenetic processes, in the overlying Upper Jurassic successions have been proposed. This was based especially on a vigorous growth of carbonate buildups in those parts of the Late Jurassic sedimentary basin that cover Permian magmatic intrusions localized in the basement along the KLFZ (Matyszkiewicz et al. 2006a) , and on the influence of hydrothermal solutions on Upper Jurassic carbonates resting directly upon the KLFZ or in its vicinity (Pulina et al. 2005; Matyszkiewicz et al. 2006b; Kochman and Matyszkiewicz 2012) . The action of warm, hydrothermal(?) solutions was also proposed to explain the origin of galena accumulations described from Upper Jurassic limestones located in the southern part of the Częstochowa Upland (Górecka and Zapaśnik 1981; Bednarek et al. 1985) and the formation of hypogenic karst caves discovered in some parts of the KCU (Żaba and Tyc 2007; Tyc 2009; Gradziński et al. 2009 Gradziński et al. , 2011 .
In the northern part of the KCU, there is a latitudinally extended chain of hills known as the Sokole (English: Falcon) Hills (Text-figs 1, 2). The hills are best known for the picturesque cliffs built of Upper Jurassic massive and bedded limestones with numerous karst features, including a number of hypogenic karst caves (Urban and Gradziński 2004; Gradziński et al. 2011) . In the western part of the Sokole Hills, in the topmost portion of the Upper Jurassic succession, epigenetic mineralization was encountered as crusts composed of silicified and ferruginous limestones resting upon the Upper Jurassic bedded limestones and filling the joint systems, and faults cutting through the limestones. The present paper aims to explain the distribution pattern of the epigenetic mineralization and to prove its genetic link to tectonic deformations of the Sokole Hills related to the KLFZ.
GEOLOGICAL SETTING
The KCU is developed over the Silesian-Kraków Homocline, a regional tectonic unit built of Triassic, Jurassic and Cretaceous strata (Text- fig. 1 ). These rocks overlie unconformably folded Palaeozoic units of the West European Palaeozoic Platform. The Silesian-Kraków Homocline extends NNW-SSE, dipping at a low angle (several degrees) to the NE. Together with preserved fragments of Permian strata it constitutes the Permian-Mesozoic structural complex. The Silesian-Kraków Homocline started to form in the Early Cimmerian orogenic phase but its final structure was mostly the result of Cenozoic deformations.
The Palaeozoic formations underlying the homocline are cut by the KLFZ (Buła et al. 1997; Żaba 1999; Buła 2000 Buła , 2002 . The KLFZ separates the Upper Silesian and the Małopolska tectonic blocks, two structural units located south-west of the East European Craton, within the Central European part of the West European Palaeozoic Platform (Dadlez et al. 1994) . In the border zone between the Silesian and the Małopolska blocks, Lower Palaeozoic and older structural complexes are in direct contact. These units differ in lithology, age, character, intensity of deformation, and tectonic style (Żaba 1999; Buła 2002) . The formation of uniform successions over both blocks started in the Early Devonian.
The activity of the KLFZ is closely connected with the Late Palaeozoic magmatism, particularly with granitoid plutons emplaced exclusively in the marginal part of the Małopolska Block. The course of the KLFZ shows numerous bends and arches, and its width usually does not exceed 500 m (Buła et al. 1997; Żaba 1999; Buła 2000 Buła , 2002 . The zone has been active since the earliest Palaeozoic until Recent (Morawska 1997; Żaba 1999) .
The Upper Jurassic formations of the SilesianKraków Homocline, which overlie the KLFZ or are located in its vicinity, host local accumulations of epige-netic siliceous precipitates. Their distribution in the proximity of faults cutting through the Upper Jurassic limestones and/or on the locally preserved erosional surface capping the limestones has been known for a century (see Morozewicz 1909; Kuźniar and Żele-chowski 1927; Różycki 1937; Dżułyński and Żabiński 1954; Alexandrowicz 1960; Bukowy 1960; Rajchel 1970; Łaptaś 1974; Heliasz 1980; Matyszkiewicz 1987) . The origin of this mineralization is still controversial. The mineralization has been interpreted variously as: (i) the products of silica leaching from sandy sediments (so-called "moulding sands"; Gradziński 1977) and its subsequent migration (Różycki 1937; Bukowy 1960 ); (ii) Palaeogene weathering crusts covering the Jurassic carbonates (Alexandrowicz 1960; Rajchel 1970; Heliasz 1980) ; (iii) the products of Early Cretaceous weathering under subtropical conditions (Marcinowski 1970a (Marcinowski , 1974 Głazek 1989; Głazek et al. 1992) ; and (iv) the precipitates of low-temperature hydrothermal solutions which migrated along the joint systems and faults generated during one of the tectonic episodes affecting the area (Morozewicz 1909; Kuźniar and Żelechowski 1927; Matyszkiewicz 1987) .
The Sokole Hills are located in the northern part of the Częstochowa Upland, c. 10 km SE of Często-chowa (Text-figs 1, 2). This is a latitudinally extended chain of low hills, up to c. 400 m a.s.l., built of Upper Jurassic limestones that form characteristic tors, up to 20 m high. The hills are composed of massive limestone facies whereas the surrounding morphological depressions are incised in strongly fractured, bedded limestones with cherts. The massive limestones host numerous hypogenic karst caves formed in the Cenozoic by ascending, warm solutions (Gradziński et al. 2011) . These solutions are also regarded as a source of numerous accumulations of coarse-crystalline calcite speleothems, which were occasionally mined in the past (Wójcik 2004; Gradziński et al. 2011) .
The Upper Jurassic limestones exposed in the Sokole Hills are generally ascribed to the Oxfordian but their precise stratigraphic position is still unknown due to the lack of zonally significant ammonite faunas. Precise stratigraphic positioning in the Bifurcatus and Bimammatum zones has been made for limestones exposed in the vicinity of Olsztyn, c. 2 km north of the study area (Matyja and Wierzbowski 1992) and in the Biakło and Lipówki hills, c. 1 km north of the study area (Matyja and Wierzbowski 2006b; Text- fig. 2 ), but these sites are located behind the NE-SW-trending fault bordering the Sokole Hills to the north (Text- fig.  2 ). The Sokole Hills occupy the southern, downthrown block of the fault, with its vertical throw estimated between 40 and 160 m (Heliasz et al. 1987) . Another fault of similar throw and W-E strike is known from the area immediately south of the Sokole Hills (Text- fig. 2 ; Heliasz et al. 1987) .
Due to the lack of boreholes penetrating the Jurassic formation in the Sokole Hills, the thickness of the Upper Jurassic succession here could only be estimated as c. 150-200 m (after Heliasz et. al. 1982 150-200 m (after Heliasz et. al. , 1987 . Consequently, the Upper Jurassic stratigraphic column presented herein (Text- fig. 3 ) is rather hypothetical and is partly interpreted from data collected in the adjacent areas under two general assumptions: (i) high horizontal and vertical facies variability of the Oxfordian limestones; and (ii) a westward decrease in limestone thickness caused by erosional reduction of the homoclinally dipping Mesozoic formations. Facies variability of the Upper Jurassic limestones results from intensive growth of carbonate buildups controlled in the KCU area by local factors (Matyja and Wierzbowski 2006a; Matyszkiewicz et al. 2006a Matyszkiewicz et al. , 2012 . In the Sokole Hills, the Upper Jurassic massive limestone facies forms the internal parts of the complex of microbial-sponge carbonate buildups whereas the bedded limestone facies with early diagenetic cherts occupy their slopes and local depressions. The central parts of vast depressions separating the buildups were presumably the sedimentary environment of platy limestones (Dżułyński 1952 ) but these rocks were already removed by erosion. The evolution of the carbonate buildups, from aggradational growth to lateral expansion, and their coalescence into large complexes were the factors controlling the formation of local sea-floor highs. From these highs, detrital material in the form of both episodic sliding of carbonate detritus and gravity flows was periodically transported downslope to deeper parts of the sedimentary basin. In the Oxfordian limestones exposed c. 5 km east of Częstochowa, Marcinowski (1970b) described calciturbidites that document the sea-floor relief at the end of the Oxfordian.
The Upper Jurassic succession of the Sokole Hills area (Text- fig. 3 ) begins with unexposed sponge limestones intercalated with marls, hosting abundant siliceous sponges, brachiopods, belemnites and ammonites. These strata, up to several metres thick, belong to the Cordatum Zone and are known as the Jasna Góra Beds (Trammer 1982) . In the vicinity of Częstochowa, low-relief carbonate mud mounds, several metres high, are observed in these limestones (so-called "loose bioherms"; see Trammer 1982; Matyszkiewicz et al. 2012) . Upsequence, pale coloured limestones appear, up to 70-80 m thick, locally named the Zawodzie Beds. In the lower part of the sequence, these limestones contain numerous tuberoids and cherts, either accumulated in horizons parallel to the bedding planes or randomly disseminated in the rock. Small initial carbonate buildups also appear locally (Heliasz et al. 1987) . Towards the top of the sequence, the tuberoids disappear and thin (up to several centimetres thick) marly intercalations appear. These limestones span the Plicatilis through to the Bimammatum zones. The Zawodzie Beds are overlain by massive limestones, up to 20 m thick, locally intercalated with bedded detrital limestones with cherts of the Bimammatum Zone. They represent the microbial-sponge and microbial carbonate buildups regarded as agglutinated, microbial to open-space reefs (cf. Riding 2002; Matyszkiewicz et al. 2012) .
In the exposures several km north-east of the study area, the succession is covered by Upper Oxfordian platy limestones, marls and chalky limestones, overlain by Kimmeridgian carbonates and by Albian (Cretaceous) quartz sandstones (Marcinowski 1970b (Marcinowski , 1974 . In the Sokole Hills, this cover was mostly removed by erosion and is only locally preserved at the erosional surface of the Oxfordian bedded and massive limestones.
SECTION DESCRIPTION
The studied section with the epigenetic mineralization is located in a local morphological depression bordered to the east and west by towering high rocky walls (Text- fig. 4 ) with common karst caves (Text- fig.  5A ). The formation of the caves took place during the Palaeogene or in the Miocene (Gradziński et al. 2011) . The rocky walls are built mostly of massive, chert-free limestone. A 15-m-high eastern wall is called "The Amphitheatre". The western wall is c. 10 m high.
At the bottom of the Amphitheatre wall, karstified bedded limestones are visible, with bedding planes dipping to the west at 40°. To the east, they contact the massive limestones along a high-angle discontinuity surface which dips at 60° to the west. At the bottom of the massive limestones, bedded, chert-free limestone occurs locally. Its bedding planes dip at 20-30° to the ENE. The beds, up to 20 cm thick, are cut by dense kathetal fractures (Text- fig. 5B ). In the bottom part of the massive limestones numerous calcified siliceous sponges are visible. Upsequence, the sponges are gradually replaced by microbialites.
At the edge of a tor located west of the described exposure, poorly bedded, chert-free limestones occur, with bedding planes dipping at about 20° to the WSW. Farther to the west, these limestones grade into massive limestones dominated in the bottom part by calcified siliceous sponges and in the top part by microbialites (similarly to the massive limestones from the Amphitheatre wall).
The exposure of epigenetic mineralization is located in the western part of a forested ridge of the Sokole Hills, c. 400 m of the local road from Biskupice to Olsztyn (Text- fig. 2 ). This is an isolated tor, c. 2.5 m high, and c. 5 m long in the N-S direction and c. 10 m in the W-E direction.
In the exposure, we observed a poorly bedded, fractured limestone with early diagenetic cherts distributed mainly close to the bedding planes (Text- fig.  6A ). Limestone surfaces show numerous calcified siliceous sponges together with single brachiopods. Bedding planes dip at 10°-20° to the WNW or NW. The cherts are ellipsoidal concretions, up to 10 cm across and devoid of cracks, or elongated, horizontal bodies, up to 40 cm long and locally densely fractured. (Text-figs 6A, 7A, B) occurring close to the high-angle joints. Early-diagenetic, horizontally arranged cherts with silicified rims occur on the entire surface of the wall that cuts the exposure from the east and represents a high-angle joint (Text- fig. 7 ). The rims are continuous and massive whereas the enclosed cherts are strongly cracked. Only on weathered surfaces do the silicified rims differ from both the silicified walls of joints and the silicified crusts covering the limestone beds in that they exhibit a grey colour, a regular, concentric shape and lower porosity (Text- fig. 7B ). On the surfaces of fresh fractures, the silicified rims as well as other silicified limestones show the same yellow or reddish colour. The rims that developed around cherts located close to joints are wider than around those located in the bedded limestone where they disappear.
METHODOLOGY
In the studied exposure (Text- fig. 3 ), the main tectonic mesostructures were measured and sedimentary structures were documented, if visible, on the weathered limestone surface. From the silicified zones 30 samples were collected, mostly from the fillings of fractures located in the southern wall, from the crusts covering the top surface of the tor and rims developed on the cherts. Loose fragments of silicified limestones scattered in the rubble south of the tor were also taken. Five samples were collected from unaltered limestones encountered in the tor and in the western and eastern rock walls towering over the tor. From the collected samples polished and thin sections were prepared for microscopic examination and material was collected for chemical, Mössbauer, XRD, microprobe and isotope analyses, and for SEM studies. Samples were collected from hand specimens that differed macroscopically in colours and structural features. Chemical composition (main and trace elements) was analyzed at the Activation Laboratories in Ancaster (Canada) with the ICP-MS and ICP-EAS methods. Sample preparation included digestion of the material with a mixture of concentrated HClO 4 , HNO 3 , HCl and HF at 200°C to fuming and then dilution with aqua regia.
Phase composition was determined with X-ray diffractometry (XRD) in a Philips APD PW 3020 X'Pert instrument. Samples were ground in an agate mortar and analyzed under the following conditions: anode Cu Kα , generator settings 35 kV and 30 mA, recording range 3-70 o 2Θ, step size 0.05 o , counting time 1 second per step. The XRD patterns were interpreted with XRAYAN software using the diffraction patterns database of the International Centre for Diffraction Data.
The SEM-BSE observations and preliminary EDS analyses were carried out at the AGH University of Science and Technology, Kraków, using a FEI Quanta 200 FEG scanning electron microscope equipped with the EDS system. Sample selection was based upon observations under a binocular microscope. Natural, uncoated samples were studied under the low-vacuum mode (60 Pa pressure) whereas the polished sections were coated with graphite and observed under the high-vacuum mode.
The chemical composition of the silicified limestone was determined at the Inter-Institute Analytical Complex for Minerals and Synthetic Substances of the University of Warsaw with a Cameca SX 100 electron microprobe operating in wavelength-dispersive spectroscopic mode (WDS) under the following conditions: accelerating voltage 20 kV, beam current 15 nA, peak count-time 20 s, background time 10 s. The following set of standards, spectral lines and crystals was used: sphalerite: Zn (Kα, LIF), barite: Ba (Lα, PET), S (Kα, PET), chalcopyrite: Cu (Kα, LIF), Fe 2 O 3 : Fe (Kα, LIF), rhodonite: Mn (Kα, LIF), ZnSe: Se (Lα, TAP), galena: Pb (Mα, PET), CoO: Co (Kα, LIF), NiO (Kα, LIF), orthoclase: Al (Kα ,TAP), dioptase: Si (Kα, TAP), Ca 2 SiO 4 : Ca (Kα, PET), apatite: P (Kα, PET). Raw data were processes according to the "PAP" procedure (Pouchou and Pichoir 1985) .
The Mössbauer spectroscopic analyses were completed using a Wissel 360 spectrometer and transmission method, at room temperature and at 77 K. The source was 57 Co placed in Rh matrix of 15 mCi activity. Samples for Nd and Sm isotope analyses were taken from both the silicified and unaltered limestones, and analyzed at the Isotope Laboratory of the Adam Mickiewicz University in Poznań (Poland) with a Finnigan MAT 261 multi-collector thermal ionization mass spectrometer. Limestone samples were powdered and ~200 mg portions were weighed into 50 ml centrifuge tubes, treated with 5% ultra-pure acetic acid and mechanically shaken for 24 hours at room temperature (as recommended by Rongemaille et al. 2011) . The solution obtained was then centrifuged in order to separate the acid-soluble fraction from the acid-insoluble residuum. In order to ensure the removal of all fine acid insoluble particles, the supernatant liquid was passed through a syringe filter with a 0.2 µm PTFE membrane. The filtered solution was equilibrated with a mixed 149 Sm- 150 Nd tracer. The REE were stripped from the solution using the Fe hydroxide coprecipitation technique described by Fanton et al. (2002) . The LREE were separated from matrix elements on 50 μl teflon columns filled with EICHROM TRU resin (see Pin et al. 1994 ). Nd and Sm were then separated on 2 ml columns packed with Eichrom Ln resin. Nd and Sm (loaded as phosphate) were measured on Re in a double filament configuration. Isotopic ratios were collected in dynamic (Nd) 
RESULTS

Microscopic studies
The Upper Oxfordian bedded limestones which host the epigenetic mineralization are wackestonespackstones with minor boundstones. In the wackestones-packstones, we observed tuberoids, fine intraclasts and abundant fragments of brachiopods, bivalves, bryozoans and benthic foraminifers. The main components of the boundstones are microbialites (stromatolites and thrombolites) with minor calcified spicules of siliceous sponges belonging to the Hexactinellidae. The calcified siliceous sponges together with epifauna attached to their bottom surfaces and microbialites overgrowing their upper surfaces form so-called "unitary sedimentary sequences" (cf. Gaillard 1983; Matyszkiewicz 1989) . The space between the sponges is filled with fine-detrital wackestone-packstone. Stylolites are absent from the boundstones but occur in the wackestones-packstones, where they are usually filled with brownish Fe-oxides.
In the wackestones-packstones, the epigenetic mineralization occurs as impregnations of microcrystalline quartz. The silicification expands from the stylolites and fine joints into the rock mass (Text- fig. 9 ). Close to the stylolites and fine joints, alteration affects both the matrix and the embedded grains. Farther from the stylolites and joints, only the matrix is silicified whereas the larger grains remain unaltered. If silicification is complete the rock is porous. We found that pore walls of the silicified limestones can be: fig. 9 . Microfacies development of mineralized limestones. Optical microscope, polarized light, crossed nicols. A -upper part: entirely silicified, porous wackestone-packstone. Stylolites (arrows) extending from central cavity stained with brownish Fe oxides; lower part: packstone. Silicification altered only the matrix impregnated with Fe oxides. B -left and centre: packstone cut by solution-widened stylolites (arrows). Silicification proceeds from stylolites around which both the matrix and the larger grains are completely altered whereas deeper into the limestone only the matrix is silicified; bottom: stylolite stained with brownish Fe oxides and encrusted by young calcite crystals; right: boundstone free of stylolites and mineralized with impregnations of brownish Fe oxides at the edges of bioclasts and in surrounding, fine-detrital sediment. C -upper part: entirely silicified, porous packstone, walls of cavities encrusted with quartz crystals; lower part: selectively silicified packstone -only the matrix is replaced by epigenetic silica. Close to the stylolites (arrows) both the matrix and the larger grains are entirely silicified
In the boundstones, the epigenetic mineralization in the unitary sedimentary sequences is poor and represented usually as brownish Fe oxides impregrations in outer films of layered thrombolites (Text- fig. 10A ). Open spaces left after dissolution of opaline spicules of siliceous sponges are sometimes filled with megaquartz and microflamboyant quartz (Text-fig.  10B ). In a single polished section, accumulations were observed in small cavities of fine (up to 0.1 mm across) post-dolomite calcite embedded within Fe oxides cement (Text-fig. 10C ). In the wackestones-packstones that separate the unitary sedimentary sequences, silicification affects only the fine-crystalline matrix whereas the larger grains are unaltered.
SEM observations revealed the presence of euhedral quartz crystals in irregular cavities a few millimetres across scattered in the packstones in the silicified limestone (Text- fig. 11 ). Such quartz aggregates are commonly accompanied by accumulations of Fe oxide, up to 100 μm in size, in which we identified acicular iron oxide (probably goethite) crystals and Mn oxides together with rare, small, barite, galena and sphalerite crystals (Text- fig. 11 ) filling fine open spaces.
Mineralogical studies
The X-ray powder patterns support the microscope observations and indicate two main minerals in the analyzed samples: quartz and calcite (Text- fig. 12 ). Quartz was detected in all analyses but it tends to accumulate in the outer, more porous parts of the mineralized zones, where it is usually the only detectable mineral. In contrast, the calcite contents increase in the inner, more massive parts of the samples. The amounts of the Fe minerals goethite and hematite are low or even trace. Their spatial distribution is characteristic: goethite appears only in the yellow and brown zones (Text- fig. 12 ) whereas hematite occurs in reddish and cherry-red zones. Considering the variability of the colours of Fe minerals (Scheinost and Schwertmann 1999; Cornell and Schwertmann 2003) , it is suggested that the yellowish zones consist of goethite and the reddish zones contain hematite.
Mössbauer analyses carried out for three zones of different colours in sample SG-12 (Text- fig. 12 ) from silicified limestone revealed the presence of only trivalent Fe, probably entirely bound in hydroxide minerals. In the red limestone hematite seems to be the only Fe mineral. The Mössbauer analyses indicated also the low level of magnetic ordering of the hematite, even at the temperature of liquid nitrogen (77 K), which demonstrates its low crystallinity (Cornell and Schwertmann 2003) . In the yellow zones the main Fe carrier is goethite but an admixture of hematite is also possible. 
Geochemical analyses
The contents of the main elements detected in the studied rocks are listed in Table 1 . The CO 2 contents are extrapolated from the calcium values, assuming that all the Ca is bound in stoichiometric CaCO 3 . These results are consistent with the X-ray powder patterns. The SiO 2 contents in the outer zones of epigenetic mineralization reach about 99 wt.% whereas the unaltered limestones contain only small amounts of SiO 2 . The mineralized limestones also accumulate up to 6 wt.% of Fe 2 O 3 (Table 1 ) while in the unaltered limestones the Fe 2 O 3 contents are much lower. The contents of the remaining elements are below 1 wt.%. The contents of trace elements are variable (Table 2) .
Microprobe analyses were made for interesting fragments of epigenetic mineralization hosted in the Oxfordian bedded limestones that differ in the BSE images. Point analyses show a few examples of increased contents of metals. The results of microprobe analyses indicated increased contents of Pb (up to 20 wt.%) in barite crystals. Sphalerite and galena grains (up to 20 μm across) (Text- fig. 8D ) show traces of oxygen at the surface (up to 10 wt.%), which suggests weathering processes. The analyzed Fe oxides contain: Fe 48-61 wt.%, Si up to 8 wt.%, P about 2 wt.%, S 0.5 wt.%, Zn and Ca 1 wt.% , Ba and Al 0.5 wt.%. Some analyzed aggregates have also up to 7 wt.% Mn and traces of Ni, Co and Cu. Similarly to the Fe oxides, the Mn oxides fill minute cavities and cracks located in the silicified zone. Their composition includes: Mn 15-31 wt.%, Ca 10-28 wt.%, Fe and Al up to 4 wt.%, Ba up to 5 wt.%, Zn up to 1 wt.% and traces of Cu (up to 0.2 wt.%).
In most samples of the silicified limestones, increased contents of Ba, Cu, Pb, Sn, Zn, Ni, Co, Cr, V, As and Sb were detected. In some samples, Pb contents are over 200 times higher (sample SG-D-1) and Cu ones are over 150 times higher (sample SG-12-3) than in the unaltered limestones. Samples rich in SiO 2 are evidently low in Sr ( Table 2 ). The contents of Fe show strong correlation with the siderophile elements (Text- fig. 13 ), but only some elements show weak correlation with SiO 2 (Text-fig. 14) . It is suggested that a direct genetic relationship occurs only between Fe and the siderophile elements, whereas a genetic link between Fe and SiO 2 is probably indirect.
Isotope analyses
The isotopic composition of Nd was analyzed in four samples of silicified limestone and in one unaltered limestone (Table 3 ). The result obtained for unaltered limestone (ε Nd = -6.6) was calculated for the age of T=160 Ma (Oxfordian). For the silicified limestones, ε Nd was additionally calculated for T=140 Ma (Berriasian/Valanginian), which is an assumed age of the beginning of epigenetic silicification, and for T=23 Ma (Oligocene/Miocene), which is an assumed age of the main faulting episode in the Kraków-Częstochowa Homocline.
DISCUSSION
The epigenetic mineralization hosted in the Oxfordian bedded limestones from the Sokole Hills formed at several stages determined by local and regional processes: (i) specific facies development of the limestones controlled by the depositional environment and compactional deformations affecting the limestones since their early diagenesis; and (ii) intensive weathering of the Upper Jurassic complex in the Early Cretaceous under a subtropical climate and the subsequent ascent of warm solutions along the joint systems and faults.
(i) The bedded limestones that host the epigenetic mineralization were deposited in a local, narrow depression formed between microbial-sponge carbonate buildups which, over time, coalesced into a huge complex (Text-figs 4, 15A) . It is possible that the thickness of this complex reached 500 m at the end of the Kimmeridgian, as shown by a borehole completed close to the Julianka Hill, about 15 km east of the Sokole Hills (Matyja and Wierzbowski 1996) .
The main macroscopic differences between the massive and the bedded limestones are the presence of bedding planes and early diagenetic cherts in the bedded limestones. Moreover, the massive limestones contain more boundstones whereas the bedded limestones comprise more wackestones-packstones (cf. Matyszkiewicz 1989) .
The differences in microfacies development of the massive and bedded limestones resulted in their differential diagenesis. In the early diagenesis, the main difference was silicification leading to the formation of early diagenetic cherts. The sources of silica were opaline spicules of sponges, which were particularly common in the bottom and middle parts of the buildups. After the death of organisms, the increasing pH controlled by decaying ectoderms facilitated the dissolution of metastable opaline spicules (cf. James et al. 2000) . Initial dissolution of the sponge spicules took place in the topmost metres of the sediment and continued during shallow burial, probably to a depth of about 200-250 m (cf. Madsen et al. 2010) . Remobilized silica migrated towards the local depression between the buildups (see e.g., Keupp et al. 1990; Lawrence 1994; Maldonado et al. 2005; Neuweiler et al. 2007 ). Silica then accumulated close to the initial stratification surfaces, forming plastic concretions that were fully lithified just when the first strike-slip deformations took place, perhaps with some contribution from meteoric waters (cf. Knauth and Epstein 1976; Knauth 1979; Kolodny et al. 1980; Bustillo et al. 1998) or even under hydrothermal influence (cf. Jones and Jenkyns 2001; Migaszewski et al. 2006; Coimbra et al. 2014) . The quartz crystallinity index (CI; Murata and Norman, 1976) of the Oxfordian early diagenetic cherts from the southern part of the KCU is lower than 1.0, which indicates that their origin differs from that of the epigenetic siliceous deposits, for which the CI values vary from 9.2 to 9.9 (Matyszkiewicz 1987) .
The ε Nd =−6.6 value obtained for the unaltered limestones seems to preclude the action of solutions originating from sea-floor hydrothermal activity linked to extensional tectonics. According to Stille et al. (1996) of the massive facies were subjected to intensive, synsedimentary cementation (cf. Riding 2002; Matyszkiewicz et al. 2012) , whereas lithification lasted much longer in the fine-grained, porous wackestonespackstones that prevailed in the bedded limestones. Important differences appeared also during burial diagenesis. Intensive growth of the carbonate buildups resulted in their increasing thickness. Hence, at the end of the Kimmeridgian, the lower portions of the Sokole Hills buildups were buried under at least 250-300-m-thick overburden (Text- fig. 15A ), and the pressure from such a load became sufficient to initiate chemical compaction (Schlanger and Douglas 1974; Garrison 1981; Czerniakowski et al. 1984) . Early diagenetic cementation of the boundstones significantly reduced the stylolitization of the massive limestones, while the pressure-solution processes initiated in the bedded limestones led to the formation of lithostatic stylolites and to some reduction in the thickness of the sediment (cf. Matyszkiewicz 1999; Kochman and Matyszkiewicz 2013) . However, the intensity of pressure solution in the bedded limestones was insufficient to produce the so-called "pseudonodular limestones" (cf. Matyszkiewicz 1994) .
The initial surfaces of primary stratification, which then evolved into the bedding planes, probably appeared at a synsedimentary stage. During burial diagenesis in the Late Jurassic, after the main phase of mechanical compaction (cf. Kochman and Matyszkiewicz 2013 ) but prior to full lithification of the carbonate sediments, cherts formed concordantly to these surfaces. The increasing load from the growing carbonate buildups resulted in compactional bending of the limestone beds underlying the buildups (Text-fig. 5B ).
The above-discussed differences in the presence of bedding planes, microfacies and intensity of stylolitization of both limestone facies caused the bedded limestones to be more susceptible to epigenetic silicification. During this alteration, the fine-grained carbonate matrix in the wackestones-packstones was replaced by microcrystalline, granular quartz (Text- fig. 9 ) precipitated from solutions migrating along the erosional surface and/or along the joints systems, faults and stylolites.
(ii) Between the Tithonian and the Valanginian, the Upper Jurassic complex was subjected to intensive weathering and denudation under a subtropical, savannah-like climate and low relief landscape stability conditions (Marcinowski 1970a (Marcinowski , 1974 Głazek 1989 (Marcinowski 1970a (Marcinowski , 1974 Głazek 1989; Głazek et al. 1992 ) during this time, for which the silica was supplied from the weathering crusts (cf. Milnes and Thiry 1992; Nash et al. 1998; Ullyott and Nash 2006) . The silicification proceeded in a vadose zone unfavourable for deep groundwater circulation (Głazek 1989; Głazek et al. 1992; cf. Thiry and Milnes 1991; Dixon and McLaren 2009; Bustillo et al. 2013) as an effect of descending solutions enriched in dissolved silica. This silica presumably originated from long-lasting (Thiry 1999 ) leaching of opal (cf. Mišik 1996 . Silicification of the bedded limestones progressed not only from the top surface of the carbonate succession but also from the joint systems and stylolites (Text- fig. 9A -C), which became conduits for the transfer of mineralizing solutions (cf. Braithwaite 1989; Matyszkiewicz 1994) . The hard, silicified limestones covered vast areas occupied by weathered Upper Jurassic limestones and reduced their karstification -a process initiated in the Hauterivian (Głazek et al. 1992) . The different lithologies of the limestone facies and the resulting differential susceptibility to tectonic deformation are probably reflected by the different thicknesses of the silicified crusts generated over the massive and the bedded limestones respectively. The topmost part of the massive limestones was silicified to only shallow depths, and most of these silcretes might have been eroded during the Cenozoic karstification followed by the Quaternary weathering. In the case of the bedded limestones, on the other hand, penetration of the mineralizing solutions was much deeper because alteration proceeded from the upper surfaces of the limestone beds, from stylolites (Text- fig. 9 ) and from joints (Text-figs 6, 7). Hence, much thicker crusts were generated and the chances of their preservation became much higher. That is why the epigenetic siliceous precipitates preserved in the KCU occur almost entirely in the topmost parts of the faulted bedded limestones (cf. Matyszkiewicz 1987) .
The development of the epigenetic siliceous rocks from the Sokole Hills resembles that of the geologically similar, Lower Cretaceous silcretes-ferricretes described by Azmon and Kedar (1985) from the Maktesh Gadol area in Israel. The bulk of the rock may appear to be ferruginized even to ore grade but, in fact, it is only a silicified limestone with the ferruginization limited mostly to a brown-reddish-yellow colour. Moreover, both the composition and geochemistry of the siliceous precipitates from the Sokole Hills (Table  1) are incompatible with typical pedogenic silcretes, which show a high TiO 2 content (cf. Milnes and Thiry 1992; Thiry and Simon-Coinçon 1996; Nash et al. 1998; Ullyot and Nash 2006; Tofalo and Pazos 2010; Bustillo et al. 2013) .
It seem improbable that descending silicification of the limestones might have produced detectable enrichments of rocks in Ba, Cu, Pb, Sn, Zn, Ni, Co, Cr, V, As and Sb (Table 2) although weathering processes might have slightly increased the contents of Cr, Zn, Cd and Pb (Ni et al. 2009 ). The correlations of Fe contents with V, Ni, Co and Sb (Text- fig. 13 ) as well as those of SiO 2 with Ni, Co, Sb, Cr, V and As (Text- fig. 14) suggest the supply of trace elements from ascending solutions. The highly increased amounts of Pb and Cu detected in some samples might have resulted from the local action of relict hydrothermal fluids, probably related to one of the deformation stages (cf. Bruhn et al. 1994; Sibson 1987; Aranburu et al. 2002) . Similarly, the presence of Zn and Pb sulphides, and the admixtures of both elements in Fe and Mn oxides together with the observed Pb-barite and euhedral quartz crystals (Text- fig. 11 ) allow us to conclude that the epigenetic mineralization could not have been emplaced exclusively during pedogenesis under a subtropical climate, and that penetration of the top surface of the bedded limestones by descending, silica-rich solutions but it must have been supplemented by ascending, warm, hydrothermal fluids. Weak correlation between Fe and SiO 2 suggests that crystallization of Fe dioxides and sulphides probably preceded the next stage of epigenetic silicification.
The results of Nd isotope analyses of the epigenetically silicified limestones from the Sokole Hills (Table 3 ), recalculated to a depositional age of T=140 Ma (Berriasian/Valanginian), range between -7.0 and -6.4, which roughly correspond to the formation time of the silcretes and precludes the contribution of hydrothermal solutions derived from deep mantle sources (cf. Stille and Fischer 1990; Stille et al. 1989 Stille et al. , 1996 Pucéat et al. 2005) . At this time, the Tethys seawater almost reached its continental crust-like, lowest Nd isotopic composition values. The ε Nd values obtained for the silicified limestones probably result only from mechanical erosion of continental crust (cf. Stille et al. 1996) . We believe that, after the formation of the incipient silcretes, the second, phreatic stage of epigenetic alteration commenced. It was related to the action of ascending, warm solutions, which migrated along numerous joints and faults filled with permeable Albian quartz sands (Text-fig 15C) . This second stage was similar to the origin of the so-called "groundwater silcretes" or "drainage-line silcretes" (cf. Milnes and Thiry 1992; Nash et al. 1998) , which are characterized by a limited range and a high precipitation rate (Thiry 1988 ). The ascending, warm solutions probably mixed with cold groundwaters saturating the quartz sands deposited on the silicified surface of the bedded limestones. The groundwater silcretes formed in a shallow, near-surface zone (cf. Ullyott and Nash 2006) , under phreatic conditions, presumably close to the fluctuating zones of mixing of ascending solutions with groundwaters (Gradziński et al. 2011; cf. Thiry et al. 1988; Thiry 1997; Shaw and Nash 1998; Nash and Ullyott 2007; Bustillo et al. 2013) . Silica leached from the Albian quartz sands might have migrated along the joints and faults (cf. Bukowy 1960; Caine et al. 1996; Ribeiro and Terrinha 2007) and might have precipitated on the silicified limestones and on the early diagenetic cherts (cf. Matyszkiewicz 1987) , both acting as crystallization nuclei. The triggers of precipitation could have been, for example, fluctuations of pH or temperature in the mixing zone of ascending warm solutions and cold groundwaters.
The action of the ascending, warm solutions caused local dissolution of the unaltered limestones, visible especially within the Amphitheatre complex (Text-figs 4, 5A; cf. Gradziński et al., 2011) , and modified the geochemistry of the existing silicified limestones. The silicification probably spread mainly through the zones in which Fe oxides and sulphides of metals had crystallized earlier. The recently observed porosity of the epigenetic silica accumulations presumably results from the dissolution of minute, unsilicified enclaves of limestone during the Cenozoic karstification and present day weathering or it could also be an effect of opal dehydration -a common feature described from silcretes (Azmon and Kedar 1985) .
The age of the second stage of epigenetic silicification is open to question. In the nearby Gnaszyn area, situated some km west of Częstochowa, Barski and Ostrowski (2006) , and Barski (2012) found neptunean dykes cutting through the Middle and Upper Jurassic strata that were filled with hydrothermal calcite mineralization. The orientation of the dykes corresponds to the regional fault pattern, and dinoflagellate cysts found in the dykes show that the opening of the fissures took place as early as the Kimmeridgian (Barski and Ostrowski 2006; Barski 2012) . Gradziński et al. (2011) described from the Sokole Hills the spectacular, hypogenic caves formed during the Cenozoic, during the alteration of the Upper Jurassic limestones by ascending, warm solutions (cf. Palmer 1991; Andre and Rajaram 2005; Klimchouk 2007 Klimchouk , 2009 ). Precipitation of silica on the brecciated, early diagenetic cherts acting as crystallization nuclei suggests that the second stage of epigenetic mineralization of the Oxfordian limestones also took place in the Cenozoic, after the last stages of deformation of the Upper Jurassic complex (Text-fig. 7 ).
Another, less likely possibility is stress concentration within the rims defining the transitional zones of partly silicified limestone that extend between the cherts and the unaltered limestone body hosting them, both showing different competence. The absence of cracks in the epigenetic silicified rims may result from rheological differences. Had the epigenetic silicification of the limestone taken place during the earlier stages of compression in the late Jurassic-early Cretaceous, simultaneous formation of fractures within the cherts would have resulted. Such fractures would have originated only within the cherts, as the bodies with greater competence than the less competent silicified rims and the limestone hosting them (cf. Sowers 1972) .
The late stages of epigenetic mineralization of the limestones in the Sokole Hills could have developed as a result of multiple reactivations of old Palaeozoic faults and their propagation into the overlying Upper Jurassic strata. The tectonic activity in the study area was controlled by the adjacent, active KLFZ (Żaba 1999 (Żaba : cf. Sibson 1987 . The alteration of Jurassic carbonates by hydrothermal solutions described from the southern part of the Kraków Upland (Matyszkiewicz 1987; Gołębiowska et al. 2010 ) is related to the rejuvenation of Palaeozoic dislocations of the KLFZ in the Savian phase of the Alpine orogeny (Oligocene/ Miocene boundary). Similarly, the strong faulting of the Sokole Hills structure enabled the ascending mineralizing solutions to penetrate the Upper Jurassic complex.
The results of Nd isotope analyses of the mineralized limestones (Table 3) recalculated to T=23 Ma (Oligocene/Miocene boundary), i.e., corresponding to the age of the main faulting stage of the Upper Jurassic formation in the KCU and, probably, to the age of a new stage of epigenetic mineralization, range between -8.3 and -7.8, and do not reveal any significant contribution of mantle-sourced solutions (cf. Stille and Fischer 1990; Stille et al. 1989 Stille et al. , 1996 . Hence, the second stage of epigenetic mineralization presumably resulted from the action of warm, relict hydrothermal solutions ascending into the faulted, Upper Jurassic silicified limestones and into the Albian quartz sands covering them (Text-fig. 15C ).
CONCLUSIONS
The epigenetic mineralization found in the Oxfordian bedded limestones from the Sokole Hills probably resulted from two different stages of the actions of solutions. During the first, Early Cretaceous stage, incipient silcretes formed under subtropical climatic conditions at the erosional surface of the strongly denuded Upper Jurassic complex. These silcretes greatly hampered the first karstification phase of the Upper Jurassic carbonates, which began in the Hauterivian. The sources of silica for the microcrystalline quartz precipitated in the silcretes were descending, Si-rich, weathering solutions. Silicification altered not only the topmost part of the Upper Jurassic complex but mineralizing solutions percolated through the vadose zone much deeper into the bedded limestones along the joints and stylolites.
In the Albian, the opened joints and faults were filled with permeable quartz sands. During the second stage, which followed the Early Cretaceous tectonic activity, new dislocations were generated and opened. The joints and faults provided conduits for ascending, warm, relict hydrothermal solutions carrying Fe dioxides and metal sulphides, which partly dissolved the limestones and modified the chemical composition of the Lower Cretaceous incipient silcretes. Moreover, these solutions leached some silica from the Albian quartz sands filling the fissures and covering the top surface of the Jurassic limestones. Remobilized silica was then precipitated in the phreatic zone on the incipient silcretes and as rims on the brecciated, early diagenetic cherts, forming the groundwater silcretes. The precipitation of quartz on the brecciated cherts acting as crystallization nuclei indicates that the last stage of epigenetic silicification probably followed the final faulting stage of the limestone complex in the Cenozoic.
The bedded limestones are usually fine-detrital wackestones-packstones, cut by numerous stylolites, strongly fractured and faulted, which increases their susceptibility to epigenetic silicification. In contrast, the massive limestones forming the carbonate buildups are mostly boundstones, almost free of stylolites and poorly fractured, which greatly limits their alteration by invading siliceous solutions.
The multistage tectonic deformations affecting the bedded limestones since their early diagenesis were presumably related to periodical reactivations of the KFLZ dislocations cutting the Palaeozoic basement in the vicinity of the Sokole Hills.
